The juvenile idiopathic inflammatory myopathies (JIIM) are systemic autoimmune diseases characterized by skeletal muscle weakness, characteristic rashes, and other systemic features. Although juvenile dermatomyositis (JDM), the most common form of JIIM, has been well studied, the other major clinical subgroups of JIIM, including juvenile polymyositis (JPM) and juvenile myositis overlapping with another autoimmune or connective tissue disease (JCTM), have not been well characterized, and their similarity to the adult clinical subgroups is unknown. We enrolled 436 patients with JIIM, including 354 classified as JDM, 33 as JPM, and 49 as JCTM, in a nationwide registry study. The aim of the study was to compare demographics; clinical features; laboratory measures, including myositis autoantibodies; and outcomes among these clinical subgroups, as well as with published data on adult patients with idiopathic inflammatory myopathies (IIM) enrolled in a separate natural history study.
INTRODUCTION
T he juvenile idiopathic inflammatory myopathies (JIIM) are acquired inflammatory disorders of skeletal muscle of unknown etiology. They are systemic autoimmune diseases characterized by symmetric proximal weakness, rashes, and other systemic features. 9, 38 The JIIM, like the adult idiopathic inflammatory myopathies (IIM) and other autoimmune disorders, appear to be composed of a number of clinical and serologic phenotypes, each of which defines more homogeneous subsets of patients in terms of demographic and clinical features, the presence of certain associated autoantibodies, outcomes, and responses to therapy. 36 Such homogeneous phenotypes may share unique combinations of environmental and genetic risk factors that result in a discrete disorder. 36 (For more about classifying the adult IIM, see the article in this issue by Fernandez et al. 9a ) Of the various clinical forms of JIIM, juvenile dermatomyositis (JDM) is the most frequent and best characterized. 13, 25, 26, 29, 42 JDM is defined by the presence of Gottron papules, raised red patches overlying the interphalangeal joints or other joint extensor surfaces, or the heliotrope rash, a red or purple discoloration over the eyelids. 5, 20 Relatively little has been described about the distinct features of the other major clinical subgroups of JIIM, in part due to inadequate numbers of patients, including juvenile polymyositis (JPM), which is characterized by weakness and for definite dermatomyositis (DM) or polymyositis (PM), and 40% for probable DM or PM, with a careful evaluation to exclude other disorders; all were diagnosed before 18 years of age. JDM was diagnosed in patients with myositis if they had either heliotrope rash or Gottron papules as well as 2 other criteria from Bohan and Peter; 5, 27 354 of the 436 patients were classified as having JDM. All 33 patients classified with JPM and 8 JPM patients classified with juvenile myositis overlapping with another autoimmune or connective tissue disease (JCTM) had a muscle biopsy consistent with an inflammatory myopathy; the majority of biopsies were reviewed by 2 authors (LGR and FWM), often in consultation with pathologists from the Division of Neuropathology of the Armed Forces Institute of Pathology, Washington, DC. Patients were classified as having JCTM if they met criteria for DM or PM as well as another autoimmune disease. Of 49 JCTM patients, 41 had JDM and 8 had JPM. The overlapping conditions included systemic lupus erythematosus in 29% of the JCTM patients; juvenile idiopathic arthritis in 22%; systemic sclerosis in 16%; juvenile localized scleroderma (including linear scleroderma, morphea, or eosinophilic fasciitis) in 16%; Sjögren syndrome and insulindependent diabetes in 6% each; and psoriasis, ulcerative colitis, and discoid lupus in 2% each. Two patients met criteria for more than 1 associated autoimmune disease. Twenty-six additional patients were excluded: 9 had possible JDM, 3 possible JPM, 6 possible JCTM, 3 had amyopathic or hypomyopathic JDM, and 1 each had orbital, focal, eosinophilic, granulomatous, or graft-versus-host myositis.
Progression of the first symptoms of myositis to full disease presentation was characterized as acute if it occurred in less than 1 month, subacute if it occurred in 1Y3 months, slow if it occurred over 3Y6 months, and insidious if the time to full illness presentation was more than 6 months. Severity of illness at onset, up to the time of diagnosis, was graded on a 4-point Likert scale as determined by the enrolling physician, and graded from mild to extremely severe disease activity. Muscle enzyme values were adjusted to a common upper limit of normal, with the highest value recorded.
Disease course was classified as monocyclic if the patient achieved remission without evidence of active disease, based on clinical features and laboratory testing, within 2 years of diagnosis; as polycyclic if the patient had recurrence of active disease after a definite remission; as chronic continuous if disease activity persisted more than 2 years; and as undefined if less than 2 years of follow-up after diagnosis was available. 17 Mortality was identified through report of death by a relative, but for the majority of cases, the Social Security Death Index was used to determine a patient's status, and this was last examined in March 2011. Patients for whom the social security number was not available were searched by name and date of birth. Three hundred eight patients had follow-up information about final outcomes obtained Q3 months after the date of enrollment at a median of 1.6 years later.
The childhood cohort was compared to an adult IIM study population, which included 70 adult DM, 48 adult PM, and 28 adult connective tissue myopathy (CTM) patients with probable or definite IIM 5 enrolled at the National Institutes of Health Clinical Center in Bethesda, MD, between 1983 and 1990; adult IIM patients were diagnosed between January 1965 and January 1990. 20 The pediatric physician questionnaire was expanded from the adult IIM version.
Methods
Patient sera were tested for myositis autoantibodies by validated methods, including protein and RNA immunoprecipitation (IP) using radiolabeled HeLa or K562 cell extracts and double immunodiffusion. 1, 48, 51 For anti-p155/140 and anti-MJ autoantibodies, serum samples were screened by IP, and results were confirmed by IP-blotting. 50 Sera were considered positive if they blotted the antigen in immunoprecipitates prepared using reference serum (direct) or if reference serum blotted the antigen in immunoprecipitates prepared using patient serum (reverse). Since some IP-positive sera do not react by immunoblotting, reverse IP-blotting was used for most sera. 50 Statistical analysis was performed using SAS for Windows, version 9.1.3 (SAS Institute, Cary, NC). Median and interquartile ranges (IQRs) were used to describe continuous data, and frequency distributions were used to assess binomial, ordinal, and categorical variables. For continuous variables, the distribution patterns, such as median and dispersion, were assessed using SAS. To test for significance, the Kruskal-Wallis test was used to compare JDM versus JPM versus JCTM, and the Wilcoxon rank sum test was used to compare JPM versus JDM, JCTM versus JDM, and JCTM versus JPM. The chisquare test and, for small sample sizes, the Fisher exact test were conducted to determine significant differences between variables of interest and clinical subgroups. Missing data were noted in the tables only when 95% of cases were missing. We compared JIIM and adult IIM clinical groups to a National Institutes of Health-based adult IIM study population. 20 For univariate analysis, p G 0.05 was considered significant to carry into multivariable analysis, as described below. However, variables with 910% missing data were not further considered, and for more complete variables, cases with missing data were also deleted in order to perform the multivariable analysis.
We used a 2-staged approach to further identify variables important in the classification of JIIM clinical groups. First, we used random forests to identify and validate the predictors from among a large group of candidate variables, and second, we used logistic regression to determine the strength of association of these predictors with clinical subgroups. Based on the results of the univariate analysis, variables that differed significantly between clinical groups were studied using the learning machine Random Forest 22 (further details are available at Ghttp://www.stat.berkeley.edu/ users/~breiman/RandomForests/cc_home.htm9). For code see the R statistical package version 2.8.1 (The R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, http://www.r-project.org). 22 Random forest analysis is a nonlinear, nonparametric algorithm that can be used for prediction and classification. It generates estimates of ranking for predictive importance. Random forest analysis was used to determine which characteristics are potentially informative within each clinical subgroup.
Variables that were clinically significant based on previous literature but were not statistically significant in univariable analyses were also entered into the model. 19, 20, 32, 52 Unordered discrete variables were recoded into binomial factors, and ordered discrete variables and continuous variables were entered into the model as is. Since the number of patients differed in each clinical subgroup, the data were resampled in the random forest model to ensure balance. 22 Random forests works by generating a large number of classification trees. Each tree is developed on a random sample of patients (sample with replacement) and uses a randomly sampled subset of independent variables (sampled without replacement) as candidate predictors at each node in the tree.
The relative importance of independent variables is determined by first counting the number of test patients correctly classified by each tree, then randomly altering the value of 1 independent variable of the test patients, and determining if the tree correctly classifies these patients. A large difference in the number of patients correctly classified when the independent variable was altered indicates that the variable is important. This difference is averaged over all trees and repeated for each independent variable. We used the mean decrease in accuracy (MDA) measure to rank the relative importance of predictors. MDA is the importance score for each variable; it quantifies the relative contribution of that variable to the prediction accuracy of the model. To get the estimate for error, each tree is constructed using a different bootstrap sample from the original data. About onethird of the cases are left out of the bootstrap sample and not used in the construction of the kth tree. The proportion of times that a test patient was misclassified by each tree, averaged over all trees, is a relatively unbiased estimate of classification error, known as the out-of-bag error estimate. Out-of-bag error rates G30% were considered acceptable. 22 Out-of-bag error rates were similar for 500, 1000, and 5000 trees. Due to the stability of the error rates, we present the results of 500 forests and 1000 trees. To identify the most important features, using the top variables from the full model, we re-ran a random forest model using the 7Y10 strongest predictors based on the MDA scores (910%) and also based on significance from prior publications. The predictive models using the most important features had error rates similar to those using all the features. Little predictive power was lost using the smaller set.
Multivariable logistic regression analysis was performed as an independent method to confirm the random forest classification features and to determine the effect size. The independent variables that were ranked the highest in relative importance in the pruned random forest analyses were entered into the logistic regression model as independent variables. The dependent variable was a particular clinical subgroup. Odds ratios, 95% confidence intervals, and p values to test for significance were calculated. For this analysis, a c statistic Q90% was considered very good, 90% 9c Q80% was good, 80% 9c Q70% was fair, and c G70% was considered poor.
Certain variables were recoded before they were entered in the model. We recoded creatine kinase (CK) levels to kilounits/ liter because the odds ratio was easier to interpret. For other continuous variables, such as age at onset or delay in diagnosis, we recoded the data into a dichotomous variable using the median value of the reference group as the cutoff.
RESULTS

Demographics and Disease Onset
The demographic characteristics and features of illness onset for the total JIIM population and the clinical subgroups are presented in Table 1 . The majority of the patients had JDM (81.2%), with 7.6% of patients classified as JPM, and 11.2% as JCTM. The median age at diagnosis for all JIIM patients was 7.9 years (IQR, 5.2Y12.0 yr). Both JPM and JCTM patients were significantly older at diagnosis than JDM patients. The median age at diagnosis for JDM was 7.4 years, whereas the median age at diagnosis for JPM was 12.1 years and for JCTM was 10.2 years. Age at onset of first symptom related to myositis followed similar trends as age at diagnosis. Delay in diagnosis, that is, the time from onset of first symptom to diagnosis, was longest in JCTM patients (median, 7.1 mo) and significantly longer compared with JDM patients (median, 4.0 mo). Disease duration (time from diagnosis to last follow-up available) did not significantly differ between the 3 subgroups; the median disease duration for all JIIM patients was 4.3 years (IQR, 2.2Y7.7 yr; range, 0Y41.3 yr).
There was a higher proportion of girls than boys in all 3 clinical subgroups; about three-fourths (73.2%) of the study population was female. This female predilection was evident both pre-and post-puberty (data not shown). There were more white patients (67.4%) in the study population than other racial and ethnic groups. However, the racial distribution differed in JPM and JCTM compared with JDM. White patients comprised 71.2% of the JDM population, compared to approximately half of the JPM and JCTM populations (51.5% and 51.0%, respectively). There was a significantly higher frequency of black patients with JPM and JCTM compared with JDM (see Table 1 ).
The majority of patients had either a slow or insidious onset (29.0% and 35.0%, respectively). JCTM patients were less likely to have slow or subacute onset (13.3% each) compared with JDM patients (30.7% and 25.8%, respectively), which was confirmed by logistic regression analysis. Approximately one-third (31.5%) of all JIIM cases had a severe or very severe disease onset. JPM patients (57.6%) were significantly more likely to have a severe or very severe disease onset, compared to 30.0% of JDM patients and 24.5% of JCTM patients, which was confirmed by logistic regression. 
Signs and Symptoms Among JIIM Clinical Groups
Analysis of frequencies of signs and symptoms (Table 2 ) showed a number of differences among the clinical groups. Almost every patient showed some musculoskeletal system involvement, with proximal muscle weakness (99.8%) being almost universally present, as expected, as a cardinal manifestation of the disease. Arthralgia (61.3%), myalgia (59.9%), and joint contractures (54.2%) were also present in most JIIM patients. When clinical groups were compared, arthralgia (81.6%) and arthritis (69.4%) were more common in JCTM patients than in JDM patients. Compared with JCTM patients, JPM patients were more likely to report falling episodes (59.4%) as a sign of more severe weakness, and less likely to have arthritis (45.5%).
As expected, cutaneous involvement was common in JDM and JCTM patients, most of whom had JDM. The most common cutaneous findings in JDM and JCTM patients included Gottron papules and heliotrope rash, which are part of the Bohan and Peter classification criteria, 5 as well as periungual capillary abnormalities and malar rash, which were present in most JDM and JCTM patients; both were present significantly more frequently than in JPM patients. Raynaud phenomenon was more common in JCTM (40.8%) and JPM (24.2%) than in JDM patients (9.1%), and sclerodactyly was more common in JCTM (16.3%) than in JDM (1.7%) patients. Cuticular overgrowth, mucous membrane involvement (including gingival capillary changes), and cutaneous ulcers were more common in JDM and JCTM than JPM, and linear extensor erythema and ''V-sign'' and ''shawl-sign'' rashes were more common in JDM than JPM or JCTM. Cutaneous involvement was not unexpectedly less frequent in JPM patients; however, 33.3% of patients did have periungual capillary abnormalities.
Generally, gastrointestinal involvement did not differ among the 3 subgroups. Dysphagia and abdominal pain (unrelated to medication usage) were each present in almost 40% of patients, but abdominal pain was more frequent in JCTM patients (53.1%). Gastrointestinal bleeding was significantly more common in JCTM compared to JDM patients (10.2% vs. 3.7%).
Dysphonia was reported in almost 30% of all JIIM patients. Dyspnea on exertion was seen in 26% of patients, and more frequently in JPM (41.9%) and JCTM (39.6%) than in JDM (22.7%). Primary interstitial lung disease (ILD) and dyspnea at rest were present in only 8% and 13% of patients, respectively. ILD was significantly more common in JCTM (26.5%) than in JDM (4.8%) patients. Chest pain was present in approximately 30% of patients. Electrocardiogram or echocardiogram abnormalities were present more frequently in JPM than JDM patients, although a large percentage of JDM patients did not undergo those tests. In support of increased cardiac disease in JPM, however, there was a nonsignificant trend of more frequent palpitations in JPM (35.5%) than in JDM patients (13.1%).
Fatigue was a commonly reported symptom in all clinical groups, with 85% of patients having documentation of this symptom. Weight loss was more common in JCTM than in JDM patients, being present in more than half of JCTM and JPM patients.
Autoantibodies Among JIIM Clinical Groups
Autoantibodies were frequent in all 3 clinical subgroups, but their distribution differed (Table 3) . Antinuclear antibodies (ANA) were present in 72.3% of patients overall. The median ANA titer for JCTM patients was 1:1280, which was higher than in JDM and JPM patients; both JDM and JPM had median ANA titers of 1:320.
Approximately 70% of patients whose sera was tested by IP had at least 1 myositis-specific or myositis-associated autoantibody present. In JIIM overall, the most common autoantibodies were anti-p155/140 (30.1%) and anti-MJ (19.8%). Autoantibodies to p155/140 were significantly more frequent in JDM patients than in JPM and JCTM patients. Of the JCTM patients with anti-p155/140 autoantibodies, all 8 had JDM. The MJ autoantibodies were detected in the serum of patients from each of the clinical subgroups; of the patients with JCTM who had anti-MJ, 6 had JDM and 1 had JPM.
Among myositis-specific autoantibodies, 4.4% of all JIIM patients had autoantibodies in the anti-tRNA synthetase family, with anti-Jo-1 being the most common. Anti-Jo-1 was more common in JPM (9.1%) and JCTM (8.3%) than in JDM (1.4%). Anti-Mi-2 was seen only in JDM (2.8%) and JCTM patients (2.0%, all of whom had JDM), but not in JPM. Anti-signal recognition particle (SRP) autoantibodies were seen only in JPM cases and were the most frequent autoantibodies present: 18.2% of JPM patients had SRP autoantibodies.
Several myositis-associated autoantibodies were more frequent in patients with JCTM. The most common myositisassociated autoantibodies in JIIM were anti-Ro autoantibodies, which occurred in 6.4% of patients overall. Anti-Ro autoantibodies were more common in JCTM than in JDM patients (14.6% vs. 5.4%, respectively). Anti-U1-ribonucleoprotein (RNP) autoantibodies were also present in all clinical groups, with over one-quarter (27.1%) of JCTM patients being positive for anti-U1-RNP autoantibodies, which was significantly higher than in JDM patients (2.0%). Anti-polymyositis-scleroderma (PM-Scl) autoantibodies were more common in JCTM than JDM patients (10.4% vs. 2.6%, respectively). Anti-Sm and anti-La autoantibodies were also more likely to be present in JCTM patients compared with JDM patients; anti-Sm autoantibodies were present in 10.4% and anti-La were present in 6.3% of JCTM patients, whereas neither was present in the serum of JDM patients. Other less common myositis-associated autoantibodies included other anti-U-RNP autoantibodies (U2, U3, and U5-RNP), anti-Ku, anti-Th, and anti-small ubiquitin-like modifier autoantibodies.
Serum Muscle Enzyme Levels Among JIIM Clinical Groups
Most JIIM patients, but not all, had elevated serum muscle enzyme levels for their most-abnormal recorded value (Table 4) . JPM patients had significantly higher median levels of CK and alanine aminotransferase than JDM and JCTM patients, which was also confirmed in white patients alone. Aldolase values were higher in JPM compared with JDM patients.
Disease Outcomes Among JIIM Clinical Groups
Most patients had a chronic disease course (52.4%), and there was similar distribution of polycyclic and monocyclic disease courses (24.9% and 22.7%, respectively). Logistic regression analysis showed no differences among the clinical groups and disease courses. Hospitalization was common in all 3 clinical subgroups; 53% of all JIIM cases were hospitalized at least once (Table 5) . JPM patients were hospitalized more frequently (71.9%) than JDM (52.1%) or JCTM patients (46.9%). Calcinosis was most common in JDM patients (34.0%) and JCTM patients (24.5%) and was uncommon in JPM patients (6.1%). The overall mortality during the follow-up period was 4.1%; it was highest in JCTM patients (14.6%), intermediate (6.3%) in JPM, and lowest (2.4%) in JDM patients. 
Comparison of JDM and JPM Patients in the JCTM Clinical Group
To examine whether JCTM is a homogeneous subgroup, we compared the JDM and JPM patients within this subgroup to each other and observed that they were similar, except for the following differences: the JPM patients in the JCTM subgroup were frequently black (62.5%) compared to the JDM patients (19.5%, p = 0.007). The rashes associated with JDM, including Gottron papules, heliotrope and malar rashes, periungual capillary abnormalities, and photosensitivity, were more frequent in JDM patients in the JCTM subgroup than in the JPM patients, as expected. The autoantibody distribution was similar, except that U1-RNP was more frequent in the JPM/JCTM patients (62.5%) vs. JDM/JCTM (20%), and p155/140 was associated only with the JDM/JCTM patients. Median alanine aminotransferase values were higher in JPM/JCTM (228 U/L) than JDM/JCTM patients (45 U/L).
Comparison of Juvenile and Adult IIM Clinical Groups
The frequency distribution of the clinical subgroups differed between juvenile and adult IIM patients, as expected. The majority (81.2%) of JIIM patients had JDM, whereas less than half (47.9%) of adult IIM patients were in that subgroup (p G 0.0001). PM and CTM were present in fewer juvenile than adult IIM patients (7.6% vs. 32.9% of PM patients, p G 0.0001 and 11.2% vs. 19.2% of CTM patients, p = 0.021, respectively). 20 The female predilection of all 3 clinical subgroups was similar to that seen in adult IIM clinical subgroups, but a greater proportion of female patients with DM were juvenile (72.9%) compared with adult (56.5%) ( Table 6 ). The racial distributions were similar for adults and children within each clinical subgroup. Mortality was higher for adults than for children in the DM clinical subgroup (11.0% vs. 2.4%), although the duration of follow-up was slightly longer in the adult patients (mean, 5.1 yr). Almost 1 in 4 (23.0%) adult PM patients died during the study period, in contrast to only 6.3% of the JPM patients. The JCTM patients had a significantly higher mortality frequency than adult CTM patients (14.6% vs. 6.0%), despite a shorter duration of follow-up.
In terms of clinical features, V-sign and shawl-sign rashes, cuticular overgrowth, fever, and a low frequency of asymmetric weakness were seen at similar frequencies in juvenile and adult myositis clinical subgroups (Table 7) . Distal weakness, falling episodes, and muscle atrophy were generally more frequent in JIIM patients than their adult counterparts in all clinical subgroups. ''Mechanic's hands'' and carpal tunnel syndrome were more common in adult than in JDM and JPM patients. Raynaud phenomenon was more prevalent in adult DM patients compared with JDM patients. Dyspnea on exertion, ILD, and palpitations were also more common in adult patients compared with juvenile patients with DM and PM.
Multivariable Analysis of JPM versus JDM
Thirty-two variables were used as potential predictors in the random forest classification model of JPM versus JDM based on their significance in the univariable analysis or based on previous literature. In addition, clinically significant variables that were based on published literature but were not statistically significant in the univariable analyses, including calcinosis, muscle atrophy, and arthritis, were entered in the model. 19, 20, 32 Because Gottron papules and heliotrope rash are part of the definition of JDM, 5 they were not included in the random forest model, as they are 100% predictive of JDM versus other clinical subgroups.
In a random forest classification model of 500 forests and 1000 trees using 266 patients with JDM and 24 with JPM who had complete data, the most important predictors of JPM compared with JDM were malar rash (MDA, 97.0), periungual capillary abnormalities (MDA, 40.3), anti-p155/140 autoantibodies (MDA, 36.5), CK level (MDA, 36.1), linear extensor erythema (MDA, 33.4), whether the patient was ever hospitalized (MDA, 26.1), and a history of photosensitivity (MDA, 23.2), with an outof-bag error rate of 20.3%. The data were reanalyzed selecting the top variables from the random forest analysis based on the MDA and clinical significance. In the pruned model, malar rash had the highest MDA at 93.1, CK level was second in importance with an MDA of 48.4, and periungual capillary changes was third in importance with an MDA of 24. The out-of-bag error rate for this pruned model was 17.6%.
Multivariable logistic regression results, selecting the top variables from the pruned random forest analysis, are shown in Table 8 . The variables anti-p155/140 autoantibodies and linear extensor erythema were removed because no cases of JPM were positive for either variable; therefore, the logistic regression model failed to converge when either variable was included in the model. In the final model, the odds of ever being 
Multivariable Analysis of JCTM versus JDM
Twenty-six variables were used as potential predictors in the random forest classification model of JCTM versus JDM based on their significance in the univariable analysis. Muscle atrophy and palpitations were also included in the model as clinically significant variables based on prior publications, but they were not statistically significant in the univariable analyses. 20, 52 Gottron papules and heliotrope rash were removed because they are part of the definition of JDM. 5 In a random forest classification model of 500 forests and 1000 trees using 314 patients with JDM and 46 with JCTM who had complete data, the most important predictors of the JCTM group compared to JDM were the anti-U1-RNP autoantibodies, Adult CTM (n = 28) n (%) n (%) P n (%) n (%) P n (%) n (%) P Table 8 , using the top predictor variables from the pruned random forest analysis. The final multivariable logistic regression model included anti-U1-RNP autoantibodies, Raynaud phenomenon, ILD, and arthralgia. The c statistic was 0.80 with a likelihood ratio p value G 0.0001, indicating a good fit for discriminating between these 2 subgroups. Anti-U1-RNP autoantibodies were 18 times more likely in JCTM versus JDM patients. Raynaud phenomenon, ILD, and arthralgia were also 3 to 4 times more common in JCTM versus JDM patients.
Multivariable Analysis of JCTM versus JPM
Twenty-three variables were used as potential predictors in the random forest model of JCTM versus JPM based on their significance in the univariable analysis using 40 patients with JCTM and 28 with JPM with complete data. Presence of anti-U1-RNP autoantibodies was also included because of its prior clinical significance. 52, 54, 57 Gottron papules and heliotrope rash were removed from the analysis because they are part of the definition of JDM. 5 In a random forest classification model of 500 forests and 1000 trees, the most important predictor of JCTM compared with JPM was presence of malar rash (MDA, 100). The other important variables in the random forest model include arthritis (MDA, 54.4), serum CK level (MDA, 52.8), severity at illness onset (MDA, 41.4), the presence of mucous membrane involvement (including gingival capillary changes) (MDA, 41.1), photosensitivity (MDA, 32.3), whether the patient was ever hospitalized (MDA, 24.3), linear extensor erythema (MDA, 18.9), periungual capillary abnormalities (MDA, 18.7), and sclerodactyly (MDA, 18.2) .
To further analyze the most clinically important variables, the top 10 variables from the random forest model were entered into a pruned random forest model, with variable selection based on MDA score and prior literature. 52, 54, 57 Using fewer variables, the out-of-bag error rate decreased slightly to 20.5%. The most important variables were malar rash (MDA, 100), CK level (MDA, 62.4), severity at onset (MDA, 55.6), arthritis (MDA, 45.4), mucous membrane involvement (MDA, 40.8), photosensitivity (MDA, 16.8), linear extensor erythema (MDA, 16.1), ever hospitalized (MDA, 13.4), and sclerodactyly (MDA, 8.9). The presence of periungual capillary abnormalities was no longer an important predictor.
Five variables (malar rash, CK level, severity at onset, arthritis, and mucous membrane involvement) were entered into the logistic regression model for JCTM versus JPM. In the final model, malar rash and severity at onset were significant predictors: the odds of having malar rash were almost 14 times greater for a JCTM patient than for a JPM patient, and the odds of having a more severe onset were 6.25 less for JCTM compared to JPM (see Table 8 ). The c statistic was 0.81, which indicated a good fit for discriminating between these clinical subgroups.
DISCUSSION
To our knowledge, the current study is the largest and most comprehensive analysis to date of demographic, clinical, and laboratory characteristics, as well as outcomes for each of the major clinical subgroups of juvenile myositis. The analysis demonstrates that childhood myositis is a heterogeneous group of illnesses with different clinical and demographic characteristics, laboratory features, and outcomes.
Characteristics of JIIM Clinical Subgroup Phenotypes
We discovered a number of distinct features associated with the 3 JIIM clinical subgroups, with the most essential findings reported in Table 9 . The most important distinguishing features in our analysis, based on the multivariable logistic regression models, included periungual capillary abnormalities and malar rash for JDM; severe disease onset, frequent hospitalizations, and high CK levels for JPM; and malar rash, Raynaud phenomenon, ILD, arthralgia, and the presence of U1-RNP autoantibodies for JCTM.
JDM was the most common IIM in children. Important features of JDM included a younger age at onset and diagnosis compared with JCTM and JPM, which is consistent with the limited literature. 19 For JDM, the female predominance, median age at onset (7.4 yr), and median delay to diagnosis (4.1 mo) were also consistent with previous reports. 30, 47 JDM had a larger proportion of white patients than the other clinical subgroups. 30 In terms of the clinical features of JDM, we found that cutaneous findings (presence of malar rash and periungual capillary changes) were major characteristics that differentiated this group from the other 2 clinical subgroups. Gottron papules and heliotrope rash are pathognomonic and, by definition, assist in confirming the diagnosis of JDM; they were present in 90.7% and 86.7% of our JDM patients, respectively. Photosensitivity and linear extensor erythema were also important in distinguishing JDM versus JPM patients, and V-sign and shawl-sign rashes were helpful in distinguishing JDM from both JPM and JCTM. Skin ulceration was also more common in JDM compared to JPM patients (20% and 3%, respectively), as was mucous membrane involvement, consisting primarily of gingival capillary changes. Ulcers, as well as periungual and gingival capillary abnormalities, reflect significant vasculopathy in the skin or other organs and are considered a serious manifestation of JDM. 6, 7, 43 Calcinosis was a characteristic feature of JDM, present in 34% of patients and comparable to the reported prevalence of 20%Y50%.
17,33,40Y42 These cutaneous findings are important distinguishing features between JDM and JPM patients and were not present in the latter group.
Over 70% of JDM patients had a positive ANA titer, which is consistent with the findings of previous studies. 55, 57 A positive ANA was present slightly less frequently in JPM patients (60.6%) and more frequently in JCTM patients (84.1%), similar to the report of Wedderburn et al. 57 Also, ANA titers were †Removed from logistic regression analyses because variable was either 100% or 0% in 1 of the compared subgroups. Gottron papules and heliotrope rash, which were part of the definition of cases of dermatomyositis (ref. 5), were not entered into multivariable analyses. significantly higher in JCTM patients than JDM or JPM patients. Two autoantibodies, anti-p155/140 and anti-MJ, were the most frequently present in JDM patients. 3, 12, 50 In JDM, anti-Mi-2 was also detected. These autoantibodies were associated with JDM or JDM in the presence of JCTM, but not with JPM. JDM patients had the lowest CK level compared to JPM and JCTM. The frequency of elevation of serum levels of muscle-derived enzymes, which is an important laboratory feature to assist in the diagnosis and assessment of patients, was similar to findings in other JDM registry studies, in which 80%Y92% of JDM patients had an abnormality in any 1 muscle enzyme and 54%Y87% of patients had specific enzyme abnormalities. 26, 28, 41, 42 In terms of outcomes, only 2.4% of JDM patients died, which is consistent with other recent JDM registries in which mortality ranged from 0.5%Y2.5%. 17, 26, 42 The majority of JDM patients in this database had either chronic or polycyclic disease, consistent with other studies. 13, 17, 41, 45 Wheelchair use was higher for JDM patients in the present study than previously reported, 17 but lower than in patients with JPM. There has been debate about the existence of JPM as an entity distinct from muscular dystrophy and other noninflammatory myopathies. 8 The current study demonstrates that JPM is distinct from JDM and JCTM. JPM patients were older than JDM patients at diagnosis of myositis; the median age at onset was 11 years for JPM patients, which is older than the age at onset reported by others. 19, 44 Approximately 40% of JPM cases were black. The key characteristics of JPM patients were severe illness onset and higher frequency of hospitalization. JPM patients had more frequent falling episodes and higher CK levels, suggestive of more severe weakness. Other clinical manifestations of JPM included frequent cardiac abnormalities, dyspnea on exertion, abnormal pulmonary function tests, Raynaud phenomenon, and weight loss, particularly compared to patients with JDM. JPM patients had poorer outcomes than JDM patients, including higher mortality and more frequent wheelchair use. Certain features of JPM that are more characteristic of JDM, including the presence of malar rash, photosensitivity, and calcinosis, were infrequently present in up to 6% of JPM patients. This may in part be the result of defining JDM versus JPM based on the presence of Gottron papules and heliotrope rash, rather than on the basis of muscle biopsy features. 5 JPM patients were more likely to have anti-SRP autoantibodies. The current study supports previous literature that the anti-SRP autoantibodies are myositis-specific autoantibodies linked to severe PM in adult patients who are frequently black, 18, 20, 49 as well as in children with JPM. Rouster-Stevens and Pachman 39 described 3 black patients with anti-SRP autoantibodies who had severe PM with severe weakness, very high CK levels, and frequent cardiac involvement.
The current analysis demonstrates clear clinical and serologic differences between JCTM patients and the other 2 clinical subgroups. JCTM patients were more likely to have Raynaud phenomenon, sclerodactyly, ILD, and arthralgia. Approximately half of the JCTM cases were not white. JCTM patients had a longer interval from first symptom to diagnosis than JDM or JPM patients. Our JCTM patients were older than JDM patients, similar to those reported by Wedderburn et al. 57 Because 83.7% of JCTM patients had JDM overlap, most of the patients also had rashes similar to JDM patients, including Gottron papules, heliotrope rash, periungual capillary abnormalities, malar rash, photosensitivity, and linear extensor erythema. Calcinosis, which is a characteristic feature of JDM, is also common in JCTM patients, present in 24.5% of patients, although it was not as common as in JDM patients. JCTM patients had a higher prevalence of an elevated ANA titer, which is consistent with other studies. 54, 57 JCTM was associated with anti-U1-RNP, anti-PM-Scl, anti-Ro, anti-La, and anti-Sm autoantibodies, consistent with other reports in children and adults with overlap myositis. 52, 54, 57 JCTM patients were significantly more likely to report a chronic disease course and have a higher mortality rate than JDM patients, which may in part result from the longer delay in diagnosis and the higher frequency of ILD. Another explanation for the higher mortality is that the overlapping autoimmune diseases, including systemic lupus erythematosus and scleroderma, have higher mortality rates. 2, 15, 24 Comparing JIIM to Adult IIM Clinical Subgroups This study suggests that the clinical subgroups in juvenile myositis share some similarities with the corresponding clinical subgroups of adult IIM patients, but also have some important differences.
The racial distribution was similar for DM and PM in adults and children, and the sex distribution was similar between the PM and CTM groups. There was no difference in mortality between juvenile and adult CTM patients with a comparable length of follow-up. However, adult CTM cases had the lowest mortality compared with the other adult groups, whereas JCTM cases had the highest mortality compared with the other juvenile clinical subgroups. This may be due, in part, to differences in the definition of JCTM versus adult CTM. The JCTM patients did not have any predominant overlapping autoimmune disease, whereas 50% of the adult CTM patients had systemic lupus erythematosus.
Adult and juvenile DM patients were also similar with regard to the high frequency of certain clinical manifestations, including fever, cuticular overgrowth, V-sign rash, and shawlsign rash. Adult and juvenile PM cases were similar with respect to the clinical presentation of myalgia, arthritis, Raynaud phenomenon, and fever. CTM patients generally shared similar clinical manifestations in children and adults.
Juvenile and adult IIM differed substantially in frequency distribution among the clinical subgroups of IIM, with JDM being much more frequent than adult DM, and JPM and JCTM being less frequent than their adult counterparts. In fact, 2 common adult subgroups, inclusion body myositis and cancerassociated myositis, 20 were not represented in this very large juvenile cohort and have been reported only rarely. 35 This difference in the frequency distribution of juvenile and adult IIM clinical subgroups may be a result of differences in genetic and environmental risk factors between children and adults with myositis, 11, 23 or it may be related to differences in the frequencies of the myositis autoantibodies in children compared to adults, which will be further examined in a subsequent report.
Distal weakness, falling, and muscle atrophy were surprisingly more common in JIIM patients in each of the clinical subgroups than their adult counterparts, indicating that muscular symptoms were more pronounced in children. It is unclear whether this relates to developmental differences in the muscle manifestations of myositis in children or to other factors, such as variations in enrollment. All adult cases were enrolled at 1 center with clinical expertise in myositis, whereas the children were enrolled by multiple physicians at different locations. A natural history study of muscle strength formally assessed by comparative methods in children versus adult IIM patients suggests that adult DM and PM patients have more severe weakness and a greater frequency of distal weakness than JDM patients. syndrome, were more common in adult DM patients than in JDM patients. The higher frequency of these manifestations in adults may be due to the fact that anti-synthetase autoantibodies are more common in adult myositis patients. 20 Dyspnea on exertion, ILD, and palpitations were also more common in adult patients than juvenile patients with DM, which is indicative of more frequent cardiac and pulmonary involvement in adults.
Although JPM, like adult PM, patients frequently had associated cardiac and pulmonary disease, these manifestations were less common in children with myositis overall. Raynaud phenomenon and carpal tunnel syndrome were more prevalent in adult PM than in JPM, which is consistent with the findings of other large registries of adult myositis patients. 16, 53 The adult mortality rate is greatly impacted by cardiac and lung involvement, 21 and these manifestations were more frequent in adult than juvenile DM and PM. Adult DM and PM patients were 5 and 3 times more likely to die than JDM and JPM patients, respectively. This is consistent with previous literature suggesting higher mortality in adult DM/PM patients than JDM patients. 16, 31, 46, 53 Some of the mortality differences between children and adults with DM and PM could also be explained by recent changes in treatment, which would have improved the outcomes for children, as the children were enrolled up to 1 decade later. We found comparable mortality in juvenile and adult CTM patients, which is consistent with a higher mortality in some reports of overlap myositis in adults. 10, 52 The higher mortality in JCTM may be due to a higher prevalence of ILD.
Methodology and Limitations
In the present study, we utilized several predictive methods, including machine learning and logistic regression modeling approaches, for analyzing clinical features to discover unique phenotypes. Machine learning can be used to recognize hidden patterns and make accurate predictions based on models derived from complex data. 22 In this study, random forests provided a robust method to assess the accuracy and importance of phenotypic characteristics in JIIM. Application of the random forest procedure to these data proved to be successful in classifying novel and important features for each of the 3 JIIM subgroups. The results suggested that the use of relevant biological features for classifier construction can improve the classifier performance. Some variables, however, such as ANA, muscle enzyme levels, and specific cardiac and pulmonary testing, were missing too much data to be further examined in random forest models. This study also did not examine how certain features were co-associated.
Although the current study is one of the largest registry studies of juvenile myositis, the number of JPM and JCTM cases was relatively low, which limited the power to formally test for interactions. In fact, in multivariable logistic regression analyses, only a few variables were significant. This analysis also focused on the clinical subgroup phenotypes, and additional differences may be explained by myositis-autoantibody phenotypes, 20, 36 which were not examined in this study, but will be further assessed in a subsequent report. Another limitation was in comparing the JIIM data, which were from a nationwide registry, to the adult IIM data, which were largely drawn from patients referred to the National Institutes of Health primarily from the mid-Atlantic region. Also, the adult dataset was slightly older in historical time than the juvenile dataset, so differences between these populations may be related to differences in delay to diagnosis or in recognition of these syndromes, as well as treatment differences during these disparate time periods, which could impact outcomes, particularly mortality. Another limitation was that treatment data were not available for this analysis. Consequently, clinical features, outcomes (particularly calcinosis, disease course, and mortality), and serum enzyme levels could have been impacted by differences in therapy among patients and between clinical subgroups. Many physicians, who may have different levels of experience with myositis, referred patients for the study, which also could have impacted data quality. However, medical records were reviewed for approximately 70% of the enrolled patients to confirm the information contained in the physician questionnaire. Finally, we recognize that this study is subject to referral bias, including the fact that a blood sample was required for enrollment. The fact that the features of JDM, including demographic, clinical, laboratory, and outcomes, agreed with a number of published JDM registry studies 13, 17, 26, 29, 41, 42, 45 provided additional confidence in the detailed information provided in this report, including the clinical subgroup findings and the comparison with adult patients.
Conclusions
We conducted the current study to develop classification methods, using demographic, clinical, and laboratory features, to better identify the clinical subgroup phenotypes of JIIM. The Childhood Myositis Heterogeneity Study is one of the largest and among the most in-depth interdisciplinary registries of juvenile myositis to date. This is the first study, to our knowledge, that compares the 3 major clinical subgroups within JIIM. This is also the first study that compares juvenile and adult IIM patients. The findings indicate that JDM, JPM, and JCTM are distinct subgroups that have unique characteristics, with some similarities and yet some differences from the comparable adult subgroups. Although past studies have established that certain clinical, laboratory, immunologic, outcome, and genetic features are associated with particular phenotypes, there has not been a comprehensive evaluation of all these features together to assess the possibility that new clusters of these variables may define new clinically important subgroups. The current study may aid physicians clinically in diagnosing patients with myositis, interpreting patients' diverse symptoms and signs, managing disease, and predicting prognosis. The findings of this analysis will help establish improved classification criteria and aid in understanding the characteristics of these rare and heterogeneous diseases.
